INTRODUCTION
27 Strained Si/SiGe/Si heterostructure is a technological material 28 that offers the combined advantage of Si semiconductor 29 technology and band gap engineering (Kittler et al., 1995) . 30 Inside the Si/SiGe/Si heterostructure, SiGe is compositionally 31 graded and strain relaxed. The use of SiGe as a buffer allows 32 for the fabrication of a wafer-scale strained Si layer by creating 33 a larger in-plane lattice constant on a Si substrate. By opti-34 mizing the band structure of strained Si in a process called 35 band engineering, mobility enhancement factors can be 36 obtained over bulk Si with~2 for electrons and as high as~10 37 for holes. It thus provides a promising route toward high- 38 good spatial resolution, although its signal/noise ratio needs to 60 be carefully handled and its spatial resolution is limited by 61 electron scattering and the carrier diffusion length. X-ray dif-62 fraction reciprocal space mapping (XRD RSM) is a quantita-63 tive strain analysis technique. The mapping is achieved by 75 is destructive and time consuming. In addition, owing to the 76 small sampling area, TEM is more suited for high-resolution 77 analysis. 78 In this paper, we report a combined large area non-79 destructive analysis of a Si/SiGe/Si heterostructure using a 80 combination of EBIC and XRD RSM. Using a combination of 81 different electron beam energies and low sample temperature 82 for EBIC, we are able to resolve both threading and misfit 83 dislocations (MDs) at different sample depths. Dislocation 84 characterizations of EBIC are correlated with TEM observa-85 tions. Composition analysis is also performed based on the 86 XRD RSM results and compared with scanning transmission 87 electron microscopy (STEM)-based energy-dispersive spectro-88 scopy (EDS) analysis. Comparison of these three techniques 89 demonstrates that the combination of depth resolved EBIC 90 imaging and XRD RSM allows for an extraction of complete 91 information of composition, strain, and dislocations of the 92 sample. The principles of our analysis are general. Further 93 applications can have a significant impact on advancing semi-94 conductor heterostructure research and development. 95 EXPERIMENTAL METHODS 96 A Si/SiGe/Si (100) heterostructure sample provided by Texas 97 Instrument (Dallas, Texas, USA) was used for the experi-98 ment. Inside the heterostructure, there is a three layer step 99 graded (strained) region with a total thickness of 1.9 μm on 100 top of the Si substrate, which is followed by a 2.65 μm uniform 101 (relaxed) SiGe layer, and then a 17 nm strained silicon nano 102 layer. For the EBIC experiment, a 700 Å thick aluminum thin 103 film was deposited on the sample by e-beam evaporation to 104 form a Schottky contact. A Temescal E-Beam Evaporation 105 System (Livermore, California, USA) was used for the coating, 106 with a background pressure of 10 − 6 Torr. The sample was 107 cleaned with dilute HF solution (H 2 O:HF = 10:1) for 30 s 108 before the aluminum deposition. The top aluminum electrode 109 and the silicon substrate were wired to a current collecting 110 circuit through silver paste bonding. The EBIC measurement 111 was performed in a Jeol 7000F Analytical SEM system (Jeol, 112 Peabody, MA, USA). A low-noise current preamplifier 113 (SR570; Stanford Research Systems Inc., Sunnyvale, CA, USA) 114 was used to collect the EBIC signal from the sample, and to 115 convert it to a voltage signal for imaging on the SEM. A liquid 116 helium cooled sample stage was used for low temperature 117 measurements. XRD RSM analysis was performed with a 118 Philips X'pert MRD system (Philips, PANalytical, Almelo, the 119 Netherlands). Si and SiGe [224] peaks were monitored for the 120 RSM analysis. The cross-sectional TEM and EDS experiment 121 was done on a Jeol JEM2010F (S)TEM system under the high-122 angle annular dark-field (HAADF) STEM mode using 123 200 keV electrons. 124 Depth-Profiling Dislocation Imaging 3 6 206 subtracts from the amplified current and causes a reduction 207 in pixel value in the EBIC image. The contrast is increased by 208 having either stronger recombination within the defect, or 209 having a greater number of carriers reach the defect from the 210 point of entry at the surface of the sample. The difference 211 in contrast can mostly be attributed to the degree of overlap 212 of the dislocation and the so-called "generation volume" 213 created by the electron beam. As the generation volume 214 expands in all three dimensions and the electron dose peak 215 shifts to deeper regions of the sample as the beam energy 216 increases, defects that are only imaged by a higher energy 217 beam can thus be said to exist deeper within the sample. Figure 5 is the XRD RSM result recorded near the [224] 267 diffraction node of the sample, which provides the following 268 information about the sample. First, apart from the silicon 269 substrate peak (marked as S), four distinct spots of Si 1 − x Ge x 270 (marked as L, 3, 4, and 5) are seen in Figure 5 , indicating four 271 distinctive layers of different composition ratios. The four 272 peaks are broadened in the upper left to lower right direction, 273 which result from lattice distortions that can be attributed to 274 MDs in all the four layers. Among the four peaks, the three 275 weaker peaks (3, 4, and 5) came from the thinner "strained" 276 Si 1 − x Ge x layers on the silicon substrate, and the strongest 277 peak L has a composition ratio that correlates to the Depth-Profiling Dislocation Imaging 5 8 333 Above the "relaxed" SiGe layer, is the very thin strained Si 334 top layer, which is not discernible under this magnification. 335 Besides the dislocations in the "strained" SiGe layers, there 336 are also some dark lines in the "relaxed" SiGe region, con-337 firming the existence of dislocation lines even in the 338 "relaxed" SiGe layer of the sample. 339 Figure 5b shows the composition analysis on the sample. 340 The squares are the EDS results on different locations of the 341 sample, which clearly show the Ge concentration changes in 342 the different layers of the sample. The triangles are the XRD 343 RSM results plotted into the figure for comparison. The 344 results from the two methods agree very well except the 345 result for peak L in Figure 5 . 346 347 In this paper, we reported nondestructive defect characteriza-348 tion in the Si/SiGe strained structures using depth-profiling 349 EBIC and XRD RSM and by comparing with STEM analysis. This work was carried out as part of the effort to establish the 366 EBIC technique for semiconductor defect analysis at the 
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